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THE OCULOMETER 
A SUMMARY 'REPORT 
by John Merchant 
Honeywell Radiation Center 
Lexington, Massachusetts 
FOREWORD 
This r e p o r t  summarizes the  work performed under Contract 
NAS12 531. 
i n  the  following indiv idua l  r epor t s :  
A d e t a i l e d  desc r ip t ion  of the work performed i s  given 
Vola 1. 
VOl. 2. 
VOl. 3. 
Vole 4. 
The 
Inter im Report: 
In te r im Report: 
Laboratory Oculometer," September 1968. 
Design of a Breadboard Remote Oculometer," 
11 
NASA CR-1422 
December 1968 NASA CR-1459 
11 
Inter im Report: System Design Study f o r  an Optimal 
Remote Oculometer f o r  use i n  Operational 
Aircraft," December 1968. NASA CR-1562 
11 
".Interim Report: Design of t h e  Advanc'ed Remote Oculometer," 
September 1969. NASA CR-86309 
SUMMARY 
development of the  Oculometer has been supported by NASA 
t o  provide a much needed means of accura te ly  monitoring eye f i x a t i o n s  
without sub jec t  i n t e r f e rence ,  and also as a poss ib le  new means of 
human c o n t r o l  - eye cont ro l .  With eye c o n t r o l  t he  sub jec t  w i l l  
perform a poin t ing  o r  t racking  t a s k  by eye,  i n s t ead  of by manual 
cont ro l .  
In  the e a r l y  phases of the program, b a s i c  f e a s i b i l i t y  w a s  es tab-  
l i shed  and the  fundamental op t i ca  c t r o n i c  techniques de- 
veloped. This work culminated 5 i v e r y  t o  NASA of f i r s t  a 
proximate Oculometer and later a remote Oculometer. 
and a s i m i l a r  u n i t  a t  Honeywell, have been used i n  a v a r i e t y  of 
ways t o  show how t h i s  new, unattached, method of eye d i r e c t i o n  
These u n i t s ,  
1 
sensing can be appl ied  f o r  var ious measurement and c o n t r o l  app l i -  
ca t ions :  
Man/Computer In t e rac t ion  by Eye - The Oculometer w a s  set 
up i n  f r o n t  of a computer dr iven display.  
looked a t  the  d i sp lay  via the  Oculometer which then reported 
the  pos i t i on  of h i s  f i x a t i o n  poin t  on t h e  screen t o  the  com- 
puter .  Fixat ion poin t  d i sp lay ,  dynamic con t ro l  by eye, and 
d i sp lay  modification based upon eye f i x a t i o n s  (ice., a 
teaching machine s i t u a t i o n )  were demonstrated (by Pro jec t  
MAC, a t  t he  Massachusetts I n s t i t u t e  of Technology). 
The sub jec t  
@ Laser Pointing by Eye - A two-axis s t e e r a b l e  laser beam 
w a s  cont ro l led  by the  Oculometer as the  sub jec t  looked a t  
a scene via the  Oculometer (by Honeywell and McDonne11 
Aircraft Company a t  McDonnell). 
@ Target Designation by Eye - The operator  looks, via the 
Oculometer, a t  a CRT d i sp lay  from an i n f r a r e d  mapper. 
g e t  coordinates are generated automatical ly ,  and almost 
instantaneously,  by t h e  operator  simply pushing a button 
whenever he sees a target--whichcauses the  Oculometer output 
t o  be sampled. (By Honeywell f o r  t he  Rome A i r  Development 
Center under Contract numbers F30602-68-C-0103 and F30602- 
T a r -  
69-C-0178.) 
Following the  successfu l  development of t he  f i rs t  breadboard 
Oculometer u n i t s ,  a design s tudy of a remote Oculometer f o r  aircraft  
use was performed. This remote Oculometer w a s  intended by NASA f o r  
p i l o t  eye f i x a t i o n  measurement and t o  be s u i t a b l e  (u l t imate ly)  f o r  
f l i g h t  use wi th  no in t e r f e rence  being caused t o  the  p i l o t .  
In  the  f i n a l  phase of t h i s  con t r ac t ,  a design w a s  developed f o r  
the optomechanical p a r t  of a remote Oculometer intended f o r  laboratory 
o r  simulator use,  and capable of being developed e a s i l y ,  by c a r e f u l  
packaging design, i n t o  a f l i g h t  uni t  which would f i t  i n t o  the  space 
normally occupied by a standard 3-inch panel instrument e 
INTRQDUCTI ON 
The Oculometer i s  an e ec t ro -op t i ca l  device t h a t  measures the  
o t  a t tached  t o  t h e  d i r ec t ion  of point ing of the human 
subj  ec t , and operate  with e s s e n t i a  i n f r a red  r ad ia t ion .  
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The Oculometer can f i n d  app l i ca t ion  i n  cases where eye 
d i r e c t i o n  i s  t o  be measured with a minimum of in t e r f e rence  t o  the  
sub jec t  -e .g . ,  
(a)  psychological and physiological  monitoring 
(b) eye con t ro l  - t h a t  i s  the  d i r e c t  con t ro l  of t a r g e t  
acqu i s i t i on / t r ack ing  systems by Oculometer s i g n a l s  
def in ing  the d i r e c t i o n  of point ing of t he  ope ra to r ' s  eye. 
The Oculometer has been developed from the  concept proven i n  
an earlier breadboard u n i t ,  This demonstrated the  f e a s i b i l i t y  of 
measuring eye d i r e c t i o n  according t o  the  bas i c  Oculometer sensing 
p r inc ip l e ,  namely t h a t  eye d i r e c t i o n  i s  def ined by the pos i t i on  of 
a corneal  r e f l e c t i o n  (of the r a d i a t i o n  source within the  Oculometer) 
re la t ive t o  the  c e n t e r  of the  pupi l  (Appendix A): 
The work, under the  present  con t r ac t ,  has proceeded i n  th ree  
phases : 
Phase 1, March 1967 - Apri l ,  1968.e-A labora tory  Oculometer 
w a s  constructed i n  the  proximate configurat ion.  It u t i l i z e d  in-  
v i s i b l e  I R  i l lumina t ing  r ad ia t ion  and a new "bright  pup i l '  
i l luminat ion technique. (Reported i n  "Interim Report: Laboratory 
Oculometer, September 1968) e 
Phase 2, Ju ly ,  1968 - December, 1968. --The proximate Oculometer 
w a s  converted t o  a breadboard remote configurat ion.  This u n i t  
operates  a t  3 feet  from the  sub jec t  and has a two-axis moving mir ror  
system t o  allow 6 inches of head motion i n  two axes.  (Reported 
i n  "Interim Report: Design of a Breadboard Remote Oculometer," December, 1968) e 
A design study was performed of a remote Oculometer f o r  a i r -  
c r a f t  use. (Reported i n  "Interim Report: System Design Study f o r  
an Optimal Remote Oculometer f o r  use i n  Operational Aircraft, 
December, 1968), 
I 1  
Phase 3 ,  March 1969 - October, 1969.--A design was completed 
f o r  the  optomechanical p a r t o f  an Oculmeter incorporat ing a new 
xenon i l lumina tor ,  an automatic focusing system, and a high per- 
formance two-axis moving mirror  system. Experimental work w a s  
performed t o  evaluate two xenon s h o r t  arc lamps, and a l s o - t o  
inves t iga t e  the  d e t a i l e d  c h a r a c t e r i s t i c s  of t he  optical .  s i g n a l  
received by t h e  Oculometer from the  eye. ( ported i n  -"Interim - 
Report: Design of Advanced Remote Ocu lme te r ,  September, l969),  8 1  
3 
The p r i n c i p a l  r e s u l t s  of the  work t o  d a t e  are: 
(1) Development of an e l e c t r o - o p t i c a l  system t h a t  can r a p i d l y  
acqui re  and t r ack  eye d e t a i l ,  and compute eye d i r e c t i o n ,  
s eve ra l  f e e t  from the  sub jec t  i f  des i r ed ,  without requi r ing  
clamping o r  any o the r  attachment t o  the subjec t .  
(2 )  Construction of labora tory  Oculometers i n  the  proximate 
and remote configurat ions.  
( 3 )  Completion of the sys t em design (with d e t a i l e d  experimental 
i nves t iga t ions  i n  se l ec t ed  a reas )  of the  optomechanical 
p a r t  of a remote Oculometer. 
a i r c r a f t  which w i l l  f i t  i n t o  a standard a i r c r a f t  
instrument panel can be based upon t h i s  design. 
A remote Oculometer f o r  
DESCRIPTION 
Phase 1: Laboratory Oculometer Development 
New i l luminat ing  technique. --In the  p r i o r  breadboard system 
the  eye w a s  i l luminated by v i s i b l e  r a d i a t i o n  t o  show the i r i s  as 
r e l a t i v e l y  b r i g h t  and the  pupi l  r e l a t i v e l y  dark. A new, and 
improved i l lumina t ion  technique w a s  used i n  the  proximate labora tory  
Oculometer i n  which the eye i s  i l luminated with almost i n v i s i b l e  
I R  r ad ia t ion  t o  show the  pupi l  as a b r i g h t  uniform d i sc  ( toge ther  
with a s m a l l  h igh l igh t  cornea l  r e f l e c t i o n )  aga ins t  a v i r t u a l l y  
black background. 
The new i l lumina t ion  technique is  i l l u s t r a t e d  i n  p r i n c i p l e  
i n  Figure 1. Light i s  projected from a s m a l l  l i g h t  source onto 
the re t ina  v i a  a beam s p l i t t e r  i n  f r o n t  of the  eye. An image of 
the l i g h t  source i s  formed on the  r e t i n a  and a f r a c t i o n  of the 
inc ident  r a d i a t i o n  i s  s c a t t e r e d  back from t h i s  po in t  on the  r e t i n a .  
Some of t he  s c a t t e r e d  rays  are c o l l e c t e d  by the  eye lens  and then 
r e f r ac t ed  i n  such a way t h a t  whe emerging from the eye, t he  rays  
r e t r a c e ,  exac t ly ,  the  path of the  irncident rays  from the  l i g h t  
source. The emergent rays  are pa ough the  beam s p l i t t e r  
t o  a l ens ,  which is located a t  t h  1 image of t he  l i g h t  source 
i n  the beam sp l i t t e r .  Since the  emergent rays  are focussed back, by the  
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5 
eye l ens ,  t o  the l i g h t  source,  the emergent rays  passing through 
the  beam s p l i t t e r  converge t o  a s m a l l  are a t  the l ens ,  cor res -  
ponding t o  the  s m a l l  area of the  l i g h t  source.  The power of the  
lens  i s  chosen t o  cause an image of the pup i l  t o  befocused onto 
the  screen (e.g. ,  photocathode). 
A prime advantage of the  new method is  t h a t  the f/number 
( t y p i c a l l y  50) of the  c o l l e c t i n g  op t i c s  ( i e e e ,  the ape r tu re  of 
the lens  i n  Figure 1) does no t  govern, i n  a conventional way, 
the br ightness  of the  pup i l  image on the  screen. The dominant 
f a c t o r  i n  t h i s  respec t  is  the  f/number of the  eye lens:  
a 3 mm pupi l .  
o p t i c a l  system which y i e l d s ,  i n  tu rn ,  the  advantages of :  
f / 7  f o r  
This fact  makes poss ib le  the  use of a high f/number 
(1) good depth of focus,  
(2) improved reso lu t ion .  
Moreover, with a high f/number o p t i c a l  system, a l l  o the r  
regions of the  eye,  even though they are i l luminated by the  same 
l i g h t  source,  do no t  show up b r i g h t l y  on the  screen (Figure 2 ) .  
Thus the  pup i l  area s tands  out  very c l e a r l y  and uniquely (Figure 31 ,  
thereby f a c i l i t a t i n g  acqu i s i t i on  and r e l i a b l e  tracking. 
.--In t h i s  Qculae te r ,  t he  
new, ' b r igh t  pup i l '  i l luminat ion technique generates  an eye image 
(as  i l l u s t r a t e d  i n  Figure 4 )  a t  the  photocathode of an image 
d i s s e c t o r  tube.  
A coarse raster scan acquires  the eye d e t a i l ,  p u p i l / i r i s  
boundary and corneal  r e f l e c t i o n ,  and then a double c i r c u l a r  scan 
tracked t h i s  d e t a i l  (Figure 5 ) .  The bas i c  e l e c t r o n i c  system block 
diagram i s  shown i n  Figure 6 .  
The optomechanical p a r t  of the  Proximate Oculometer is shown 
i n  Figure 7 and the assoc ia ted  e l ec t ron ic s  u n i t . i n  Figure 8. 
Results.--An e a r l y  experiment with t h e  Oculometer i s  shmn 
i n  Figure 9. 
used, by means of an W u h n e t e r ,  t o  per fo  accurate designation. 
This g raph ica l ly  i lustrates how the  eye can be 
Figure 10 shows t h e  output of t he  ulumeter p lo t t ed  on an 
x-y recorder  as the  sub jec t  looks successively a t  a matr ix  of 
f i x a t i o n  poin ts  degrees apa r t .  
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Figure 2.--Contrast Between Pupil And Other Areas Of Eye 
7 
Figure 3.--Pupil Area Of The Eye 
8 
Figure 4,--Eye Image 
9 
Active L e a  Pupil and 
Photocatho Corneal 
G ireular 
Tracking Scan 
I 
. 3"  m 
(All dimensions a re  i n  inches andaare r e fe r r ed  t o  the  Eye Space) 
Figure sa-- Tracking Scans 
11 
Figure 7, --Optmechanic 
12 
Figure 8.--Electronics Unit 
13 
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Figure 11 shows the  x eye d i r e c t i o n  out  u t  of the  Oculmeter  
together  with a s imult  neous EOG recording o 
the  sub jec t  executes a 5-degree s t e p  displacement tollowed by a 
s e r i e s  of 1-degree s teps .  The Oculmeter accu ra t e ly  follows the  
fastest eye motion and a l s o  the  noise  l e v e l  of the Oculometer is  
of t he  same order  as the  involuntary nystagmus of the eye. 
the  x eye d i r e c t i o n  as 
Phase 2: Breadboard Remote Oculometer Program and Design Study 
Breadboard Remote Oculometer,--TheOculometer developedunder 
Phase 1 w a s  i n  the  proximate configurat ion (Figure 12a). Another poss ib le  
vers ion of t he  Oculometer, c a l l e d  the  remote Oculometer, i s  shown i n  
Figure 12b. Here the  o p t i c s  are designed such t h a t  t he  eye i s  tracked 
when i t  i s  several feet from the  device; otherwise the two versions of 
the  Oculometer are the  same. If the  remote vers ion of the  Oculo- 
meter i s  used, a moving mir ror  may be u t i l i z e d  t o  move the  f i e l d  
of view of the  instrument ( t y p i c a l l y  1-inch diameter) i n  synchronism 
with movements of t he  subjec t .  Thereby the  device can measure 
eye d i r e c t i o n  under a reasonably l a r g e  range of lateral head movement 
by the sub jec t ,  e.g. up t o  several f e e t .  The remote Oculmeter 
thus o f f e r s  s i g n i f i c a n t  advantage where, (1) the  measuring device 
must be loca ted  several f e e t  from the  s u b j e c t ,  and (2 )  where the  
subjec t  must be afforded a l a r g e  range of lateral  head movement. 
In order  t o  prove the f e a s i b i l i t y  of t he  remote Oculometer 
concept, a breadboard o ned and f ab r i ca t ed .  
Spec i f i ca l ly ,  t h i s  b r i ca t ion  of (1) 
a new optomechanica remote Oculometer, 
(2) a two-axis moving rn an add i t iona l  
e l e c t r o n i c s  u n i t  with 
angles.  When the abo l e t e d ,  they were i n t e -  
grated with the  e l e c t  u i l t  f o r  .the labora tory  
Oculmeter .  Testing of the  meter indica ted  
t h a t  the  expected per Figures 13, 
and 14 are photograp ce (exclusive of the  
laboratory Oculmeter  e l e c t r o n i c s )  a Figure 15 shows a labeled 
l i n e  drawing of the  remote O c u l ~ e t e r ~  
ving mirror  r o t a t i o n  
16 
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In  the  operat ion of the  remote Oculumeter, the  eye is  i l l u -  
minated by the  new "bright  pupil ' '  technique, and the  eye area i s  
imaged onto the s e n s i t i v e  area of an image sensor.  The image sensor  
scans the  boundary of the  pupi l  and the  cornea l  r e f l e c t i o n .  A 
measurement of the  d is tance  between the  pupi l  cen t ro id  and the  
corneal  r e f l e c t i o n  cent ro id  i s  thereby made. The geometry of t he  
Oculometer op t i c s  and t h e e y e  o p t i c s  i s  such t h a t  t h i s  d i s tance  i s  
proport ional  t o  the  s u b j e c t ' s  eye point ing d i r ec t ion .  
remote Oculometer configurat ion,  th is  d i s t ance  is proport ional  t o  
the angle 0 between the  eye point ing vec tor  and the  vector  between 
the eye and the  c o l l e c t i o n  ape r tu re  of the device; t h i s  i s  s h m n  
i n  Figure 16. Thus, i f  the  eye i s  f i x a t i n g  a t  a iven ob jec t  and 
t h e  head moves i n  the  eye space,  t he  Oculometer Gutput w i l l  no t  
change. 
Report: System Design Study For An Optimal Remote Oculometer For 
Use In Operational Aircrafte" It should be noted, t h a t  i n  the  
laboratory,  o r  proximate, Oculometer design, the  pupil-corneal 
r e f l e c t i o n  separat ion i s  proport ional  t o  the  angle  @ between the  
eye d i r e c t i o n  vec tor  and the  device o p t i c a l  a x i s .  
t o  Figure 16, t h i s  angle  @ is equal t o  (0  - @ ) a  
In  the  
A complete discussion of t h e  r e l a t i o n  between eye d i r e c t i o n  
and the pupil-corneal r e f l e c t i o n  d is tance  is  presented i n  I 1  Inter im 
With re ference  
The bas i c  e l ec t ron fc  system block diagram f o r  the remote 
Oculmeter  is shown i n  Figure 17.  
Design study.--In t h i s  work a number of s p e c i f i c  design 
f a c t o r s  w e r e  inves t iga ted  i n  r e l a t i o n  t o  a remote Oculometer 
f o r  aircraft  use. These involved: 
t he  range of allowable eye motions, as defined by pupi l  
obscuration and corneal  r e f l e c t i o n  i n t e g r i t y  
computation of eye d i r e c t i o n  from Oculometer measurements 
the effect  of head r o l l  
eye s a f e t y  ( sa fe  r e t i n a l  i r r ad iance  l e v e l s )  
ana lys i s  of the  b r i g h t  pup i l  technique 
d e f i n i t i o n  of t h e  o p t i c a l  s i g n a l  
c h a r a c t e r i s t i c s  of xenon s h o r t  arc lamps 
sub jec t ive  v i s i b i l i t y  of t he  Oc 
se l ec t ion  of operat ing wavelengt 
photocathode damage 
use of an image i n t e n s i f i e  d i s s e c t o r  comb i n a t  ion 
dynamic c h a r a c t e r i s t i c s  of 
v ib ra t ion  environments 
maving mir ror  system a n a l y s i s  
te lephoto o p t i c  
helmet marker 
meter source 
ulmeter i n  t y p i c a l  aircraft  
22 
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Phase 3:  Remote Qculometer Design 
This phase of the  program resu l t ed  i n  the design of the  
optomechanical p a r t  (Figure 18) of a remote Oculometer intended 
f o r  labora tory  o r  s imulator  use,  and capable of being developed 
by c a r e f u l  packaging design , i n t o  a f l i g h t  u n i t  which would 
f i t  i n t o  the  space normally accompanied by a s tandard 3-inch a i r -  
craft  panel  instrument.  As p a r t  of t h i s  design e f f o r t ,  experi-  
mental  work has been performed t o  provide certain o p t i c a l  design 
information e 
pr inc ipa l  r e s u l t s  of t he  design program were: 
Detailed c h a r a c t e r i s t i c s  of the o p t i c a l  s igna l  received 
by the Oculometer from the  eye. 
Optimized o p t i c a l  design allowing f o r  operation with 
almost a l l  subjec ts  under almost a l l  condi t ions.  
Development of a new f a i l  safe xenon arc i l luminat ion 
sys t e m ,  f o r  improved ambient discrimination. 
Development of an accommodation sensing technique t h a t  
i s  incorporated i n t o  the  new Oculometer design. 
Design of an automatic focusing system t o  permit a x i a l  
head motions. 
Spec i f ica t ion  of a l l  o p t i c a l  elements, and t h e i r  relative 
placement i n  the  new remote Oculometer. 
Autofocus system. --A s p e c i a l  autofocus sensor system w a s  
incorporated i n t o  the  design i n  order  t o  permit It6 inches of head 
motion i n  the z axis. The magnitude and s ign  of any out-of-focus 
condition i s  t o  be determined by sensing the effect  of an 
unsymmetrical r o t a t i n g  ape r tu re  on the  corneal  r e f l e c t i o n  image. 
For the purpose of explanation, assume t h a t  the corneal  re- 
f l e c t i o n  i s  a poin t  source and - a p a r t  from out-of-focus b l u r  - i s  
imaged as a point .  
corneal r e f l e c t i o n  i n  the general  out-of-focus condi t ion,  i s  a 
sharp image of the  def in ing  aper ture .  The s i z e  of t he  image i s  
proport ional  t o  the  degree of out-of-focus,  and the o r i en ta t ion  
of the image relative t o  the  o r i e n t a t i o n  of the  def in ing  aper ture  
Under these  condi t ions,  the image of the  
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depends upon the s ign  of t he  out-of-focus condition. 
operation of t he  Oculometer, the cornea l  r e f l e c t i o n  image i s  scanned 
around the image d i s s e c t o r  aper ture  i n  a c i r c u l a r  scan of diameter 
equal t o  the diameter of the  aperture .  
i d e a l  case, the image d i s s e c t o r  output w i l l  have a s inuso ida l  
modulation impressed upon it. 
w i l l  vary with the  out-of-focus condition. 
so id  w i l l  change as the  system goes through the  exact  focus 
condition. 
In  t h e  normal 
It i s  clear t h a t ,  i n  the 
The magnitude of t h i s  modulation 
The phase of the  sinu- 
The out-of-focus e r r o r  s igna l  derived from t h i s  modulation w i l l  
d r ive  the autofocus motor, which i n  turn  w i l l  con t ro l  the  a x i a l  
port ion of the p o s i t i v e  lens  i n  the  te lephoto lens  system. 
Opt ica l  s i g n a l  measurements. --The bas i c  function of the  
Oculometer i s  t o  e l ec t ro -op t i ca l ly  t r ack  both the  p u p i l / i r i s  boundary 
of the eye and a l s o  a corneal  r e f l e c t i o n  formed by the  eye. The 
eye i s  i l luminated,  by the Oculometer, with near  I R  ( v i r t u a l l y  
i n v i s i b l e )  r ad ia t ion  so  t h a t  a s u f f i c i e n t l y  in tense  image of t h e  
eye i s  formed a t  the photocathode of an image d i s s e c t o r  tube. The 
image d i s s e c t o r  acquires  and t racks  the  pup i l  i r is  boundary and 
the corneal  r e f l e c t i o n  d e t a i l  i n  the  eye image e x i s t i n g  a t  t h e  
photocathode. 
A conventional eye i l luminat ion system would show the pupi l  
as a black d i sc  set  aga ins t  a r e l a t i v e l y  b r i g h t  eye. 
pupil" i l luminat ion technique used i n  the Oculometer, however, 
shows the  pupi l  as b r igh t  and shows the  surrounding regions of 
the eye as r e l a t i v e l y  dark. 
used i n  the  proximate and remote Oculometers. 
The "bright 
This b r igh t  pupi l  has been success fu l ly  
The technique has been inves t iga ted  experimentally i n  phase 1 
and analyzed t h e o r e t i c a l l y  i n  phase 2. The la t te r  ana lys i s  has 
indicated the  need f o r  add i t iona l  experimental  work i n  order  t o  
formulate an optimum design. 
The important performance parameters of the  b r i g h t  pup i l  
technique i n  t h i s  respec t  are: 
a )  t he  effective pupi l  r e f l e c t i v i t y  ( i . e e 9  the r a t i o  of the  
i n t e n s i t y  of the  a c t u a l  pupi l  image t o  the  image i n t e n s i t y  
t h a t  would have r e su l t ed  i f  a p e r f e c t  white d i f f u s i n g  
screen had been subs t i t u t ed  f o r  the eye).  
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b)  t h e  c o n t r a s t  between the  b r igh t  pupi l  and the ( r e l a t i v e l y )  
dark iris. 
c )  t h e  absolu te  i n t e n s i t y  of the  pupi l  image. 
d )  t h e  s igna l /no i se  r a t i o  i n  t racking the p u p i l / i r i s  boundary 
with a given photosensi t ive surface ( t h i s  can be derived 
from the absolute  pupi l  s i g n a l  (Item c) and the  p u p i l / i r i s  
c o n t r a s t  r a t i o  (Item b).  
A d e t a i l e d  photographic measurement program w a s  performed t o  
determine these parameters under a wide range of conditions.  A 
t y p i c a l  experimental  arrangement i s  shown i n  Figure 19. The r e s u l t s  
are summarized i n  Figure 20 which shows the operat ing contours of 
the Oculometer as a funct ion of 
- system F/number 
- pupi l  diameter 
- state of accommodation - pup i l  r e f l e c t i v i t y  va r i a t ions  over t h e  population 
Accommodation sensing.--One result  of t h i s  pup i l  i n t e n s i t y  
inves t iga t ion  was the spec i f i ca t ion  of a means of measuring 
accommodation with the  Oculometer. With s l i g h t  modification, the 
o p t i c a l  system can produce a gradien t  i n  the  pup i l  i n t e n s i t y  
(across a pupi l  diameter) the  magnitude and s ign  of which i s  
proport ional  t o  the  state of accommodatiorz of the  sub jec t  relative 
t o  the d is tance  of the Oculometer from the  subjec t .  
densitometer trace of a pupi l  image showing such a gradien t  is  
shown i n  Figure 21, 
A micro- 
Xenon s h o r t  arc study.--In order  t o  provide maximum ambient 
l i g h t  discr iminat ion,  a xenon s h o r t  arc lamp w a s  s e l ec t ed  f o r  
the i l lumina tor  i n  the new remote design. 
An experimental  inves t iga t ion  was made of two shor t  arc lamps 
( the  Varian 150 w a t t  and PEK 35 w a t t  u n i t s ) ,  t o  determine 
- s p e c t r a l  c h a r a c t e r i s t i c s  - arc radiance - arc s t a b i l i t y  
- r a y  divergency - l i f e t i m e  
28 
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The d i s t r i b u t i o n  of rays  found from the  Varian lamp i s  shown 
i n  Figure 22. 
from the sapphire window of the  lamp) shows a c e n t r a l  ho t  spo t  i n  
t h e  image. As the screen is  moved away from the lamp, the l i g h t  
d i s t r i b u t i o n  on the  screen corresponds t o  the  r a y  pa t t e rn  as shown 
i n  Figure 22. 
A screen placed a t  the  image plane ( 3  5/8 inches 
If the  c e n t r a l ,  col l imated rays coming from the  arc image are 
co l l ec t ed  and the per iphera l ,  d ivergent  rays  obscured by means of 
1.5-inch diameter aper ture  placed 26 inches from the  lamp, the 
arc image (due t o  the coll imated rays  only) can be inves t iga ted .  
The p a r t i c u l a r  arc image due t o  the col l imated rays can be recrea ted  
by placing a lens  a t  the  aper ture  (26-inches from the lamp). This 
experiment shows that the  arc image due t o  the  coll imated rays has 
a c e n t r a l  cold spo t  w i t h  s i d e  arms, which are an image of t he  
e lec t rode  supporting arms. In  c o n t r a s t ,  the  arc image due t o  a l l  
rays has a c e n t r a l  ho t  spot .  
t h e  arc radiance of the Varian s h o r t  arc lamp are shown i n  
Figures 23 and 24. 
The s p e c t r a l  c h a r a c t e r i s t i c s  and 
APPENDIX A 
BASIC OCULCMETER SENSING PRINCIPLE 
The bas i c  sensing p r i n c i p l e  of the Oculometer i s  t h a t  eye 
d i r e c t i o n  is defined by the  pos i t i on  of a corneal  r e f l e c t i o n  (of 
t he  r ad ia t ion  source wi th in  the Oculometer), relative t o  the  cen te r  
of the pupil .  
More s p e c i f i c a l l y ,  imagine t h a t  the  eye i s  i l luminated by a 
poin t  source a t  i n f i n i t y  and is  imaged onto a screen by an o p t i c a l  
system whose point  c o l l e c t i o n  ape r tu re  i s  a l s o  a t  i n f i n i t y ,  coincident  
with t h a t  of the i l luminat ion source.  Some of the  coll imated 
r ad ia t ion  inc ident  a t  t h e  eye (Figure A . 1 )  is  r e f l e c t e d  a t  the 
corneal  a i r  surface ( the  r e f l e c t i o n  factor i s  about 2.5%). The 
rays r e f l e c t e d  from the  cornea appear t o  diverge from a po in t  
within the eye which i s  the v i r t u a l  image of t he  source. The 
corneal  r e f l e c t i o n  of a f i n i t e  bundle of c l l imated rays i s  a c t u a l l y  
an extended surface,  n o t  a point .  
the  bas ic  result because, i n  the present  case, only the  rays  from 
an i n f i n i t e l y  small inc ident  bundle are r e f l e c t e d  back t o  the 
co l l ec t ion  aper ture .  
t o  the i n f i n i t e l y  s m a l l  c o l l e c t i o  aper ture ,  a t  i n f i n i t y  and coincident  
However t h i s  w i l l  not  affect 
The actual r a y  r e f l e c t e d  back from the  cornea 
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:is 
To oculometer: 
from center of 
corneal reflection 
Radiation from source 
within oculometer reflected 
at cornea 
Displacement of corneal reflection from center of pupil, K Sin €3, 
is proportional to the angular direction, ‘3, of the eye, and is 
independent of the position of the eye. 
Figure 25. --Basic Sensing P r i  
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with t h e  source,  corresponds t o  t h a t  p a r t i c u l a r  normal t o  t h e  corneal  
sur face  which is p a r a l l e l  t o  the  inc ident  col l imated rays.  
The p u p i l - i r i s  boundary i s  i l luminated i n  the  Oculometer i n  
such a way as t o  make t h i s  boundary c l e a r l y  v i s i b l e .  
t h i s  boundary, the  c e n t e r  of the  pup i l  can be determined. 
be assumed f o r  the present  purpose, t he re fo re ,  t h a t  t he re  i s  a 
luminous point  a t  the c e n t e r  of the  pupil .  Because the ape r tu re  
of the  c o l l e c t i o n  o p t i c s  i s  assumed, f o r  t he  moment, t o  be 
i n f i n i t e l y  s m a l l  and located a t  i n f i n i t y ,  the  only r ay  from t h i s  
(imaginary) po in t  a t  the  cen te r  of the  pupi l ,  t h a t  w i l l  be  
co l l ec t ed ,  is  the  r a y  p a r a l l e l  t o  t he  inc ident  col l imated bundle. 
The displacement of the corneal  r e f l e c t i o n  from the cen te r  of 
the pupi l  i s ,  therefore ,  (from Figure A . l )  K s i n  8 where Q i s  the 
angle between the  geometric a x i s  of the  eye and the d i r e c t i o n  of 
the inc ident  col l imated beam (which i s  a reference d i r e c t i o n ,  the 
o p t i c a l  a x i s  of the  Oaulometer) and K is  a dimensional constant  
of the eye. Thus by measuring the  displacement of t h e  corneal  
r e f l e c t i o n  from the cen te r  of the pupi l ,  i n  t he  eye image, a 
measure i s  obtained of the d i r e c t i o n  of t he  geometric a x i s  of t h e  
eye. 
By t racking 
It can 
Under the condi t ions s t a t e d ,  the displacement between the 
rays from the  center  of the  pup i l  and from the  corneal  r e f l e c t i o n  
i s  independent of the  pos i t i on  of the  eye i n  a l l  th ree  dimensions. 
That i s ,  i f  the eye moves (with no r o t a t i o n )  i n  any d i r e c t i o n ,  
the displacement between the  two rays i s  invar ian t .  The displace-  
ment between the rays i s  s o l e l y  a funct ion of the angular  d i r e c t i o n  
of the eye. 
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